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Transformation of a Tetranuclear Copper(II) Complex Bridged by Sugar
Phosphates into Nucleotide-Containing Cu4 Aggregations
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Reaction of [Cu4(µ-OH){µ-(α-D-Glc-1P)}2(L)4(H2O)2]X3 (1a: L
= bpy, X = NO3, α-D-Glc-1P = α-D-glucopyranose-1-phos-
phate) with Na2[H2ATP] (ATP = adenosine 5�-triphosphate)
readily afforded the ATP-bridged tetranuclear copper(II)
complex [Cu4(µ-ATP)2(bpy)4] (3), which was characterized by
X-ray crystallographic analysis to consist of four linearly dis-
persed {CuII(bpy)}2+ fragments bridged by two triphosphate
groups of the ATP tetravalent anions. The sugar and adenine
base parts of the ATP moieties are away from the copper(II)
centers, but the structure was stabilized by weak intramolec-
ular π–π stacking between the ATP purine ring and two bpy
ligands and intermolecular hydrogen bonding between the
adenine base pairs. The variable-temperature magnetic
susceptibility of complex 3 exhibited only weak antiferro-
magnetic couplings between the four linearly dispersed CuII

ions. A similar reaction of 1a or 2 (L = phen, X = NO3) with
Na2[IMP] (IMP = inosine 5�-monophosphate) yielded a dif-
ferent type of tetracopper(II) complex formulated as [Cu4{µ-
(IMP-H)}2(L)4(H2O)4](NO3)2 [L = bpy (5), phen (6)], in which

Introduction

The interaction of metal ions with nucleotides and poly-
nucleotides (DNA and RNA) has been extensively studied
with a variety of bioinorganic interests, concerning metallo-
enzymes that promote cleavage of nucleotide phosphate es-
ter bonds, such as DNA polymerase I (Mg2+, Mn2+, Zn2+),
P1 nuclease (Zn2+), and RNase H (Mg2+, Mn2+), and so
forth,[1] a number of bioenergetic processes coupled with
phosphoryl transfer reactions of high-energy nucleotides,
usually adenosine triphosphate (ATP), mediated by metal
ions (Mg2+, Mn2+, etc.),[2] and the action of PtII complexes
as anticancer drugs,[3] and so on. To elucidate the nucleo-
tide–metal interaction in such biological processes, a
number of binary and ternary transition-metal complexes
involving nucleotides have been reported; however, most are
mononuclear complexes or polymeric compounds contain-
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the IMP moieties are deprotonated at the N-1 position of the
nucleobase, forming IMP-H trianions, and four {Cu(bpy)-
(H2O)}2+ fragments are connected through the N-1, N-7, and
O-6 atoms of the nucleobase and the monodentate 5�-phos-
phate group. Reaction of 1b (L = bpy, X = Cl) with Na2[UMP]
(UMP = uridine 5�-monophosphate) resulted in a polymeric
compound formulated as {[Cu{µ-(UMP-H)}(bpy)(H2O)]2-
[Cu4(µ-OH){µ-(α-D-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7). The N-3
deprotonated [UMP-H]3– anions connect {Cu(bpy)(H2O)}2+

fragments through the N-3 nitrogen atom and the phosphate
oxygen atoms to afford C2-helical coordination polymers and
the tetracopper(II) complex cations, [Cu4(µ-OH){µ-(α-D-Glc-
1P)}2(bpy)4(H2O)2]3+, are incorporated between the polymer
chains with a C2-chiral arrangement of the {Cu4(µ-OH)(µ-
PO4)2(bpy)4(H2O)2} framework constrained to the Λ-form
through inter- and intramolecular stacking interactions be-
tween the bpy ligands.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

ing mononuclear metal centers.[4] Whereas nucleotides are
potentially ambivalent with their multiple metal-binding
sites, phosphate groups, hydroxy groups of the sugar moi-
ety, and nitrogen and oxygen atoms of the nucleobase, stud-
ies of discrete, multinuclear transition-metal complexes with
nucleotides have been extremely scarce thus far. As to the
complexes of nucleotides having di- and triphosphate
groups, successfully isolated multimetallic complexes are
only two examples with dinuclear Zn2+ and Cu2+ systems,
[Zn2(µ-H2ATP)2(bpy)2] (8)[5] and [Cu2(µ-H2ATP)2(phen)2]
(9)[6] (bpy = 2,2�-bipyridyl, phen = 1,10-phenanthroline).
The reason for the lack of studies may not only be the diffi-
culty of getting crystalline compounds because of their am-
bivalent properties, but also the fact that most divalent
metal ions catalyze the nonenzymatic hydrolysis of the nu-
cleotide phosphate groups. Notably, one of the best charac-
terized DNA cleavage reactions is that promoted by
[Cu(phen)2]2+.[7] Even for thermodynamically stable nucleo-
side monophosphate esters, a very restricted number of
structures are available for multinuclear transition-metal
complexes, [Cu4{µ-(IMP-H)}(phen)4(H2O)2](NO3)2 (6,
IMP-H = N-1 deprotonated inosine 5�-monophosphate),[8]

[{Ru(µ-AMP)(η6-p-MeC6H4iPr)}3] (AMP = adenosine 5�-
monophosphate),[9] Na2[Mo5O15(µ-HAMP)2],[10] and
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[Mo2(η5-C5H5)4(µ-dGMP)2] (dGMP = 2�-deoxyguanosine
5�-monophosphate),[11] and for dicopper() complexes in-
volving the {LCu(µ-OPO)2CuL} eight-membered macro-
cycles with nucleoside 5�-monophosphates [L = bpy, phen,
and bis(2-pyridyl)amine].[12]

Recently, we synthesized a tetranuclear copper() com-
plex bridged by α--glucose-1-phosphate (α--Glc-1P) di-
anions, [Cu4(µ-OH){µ-(α--Glc-1P)}2(L)4(H2O)2]X3 [L =
bpy, X = NO3 (1a), Cl (1b), Br (1c); L = phen, X = NO3 (2)]
(Figure 1a).[13] Complex 2 was structurally characterized as
the first example of a transition-metal complex containing
free sugar monophosphates, in which four {Cu(phen)}2+

fragments are held together by a hydroxo bridge and two
phosphate groups of α--Glc-1P moieties to result in a trap-
ezoidal CuII

4 framework with the -glucopyranosyl pen-
dants away from the metal centers.[13] In the crystal struc-
ture of 2, two C2-chiral structures with respect to the ar-
rangement of bpy ligands, ∆ (cation A) and Λ (cation B),
were observed in a 1:1 ratio; both are coupled to a different
orientation of α--glucopyranosyl pendants, upward and
downward, respectively (Figure 1b, c). In addition, complex
1a was found to readily undergo a phosphate ester exchange
reaction and be transformed into an ATP-stabilized tetra-
copper() complex, [Cu4(µ-ATP)2(bpy)4] (3). These results
prompted us to investigate the reactions of 1 and 2 with
several nucleotides. In the present study, we wish to report
the full details of synthesis and characterization of 3, to-
gether with those for [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2

[L = bpy (5), phen (6)] and the polymeric compound formu-
lated as {[Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-
-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7, UMP-H = N-3 deproton-
ated uridine 5�-monophosphate). Although the structure of
3 was briefly reported,[13a] the detailed ATP-bridging struc-
ture in 3 compared with related compounds and its mag-
netic property are presented in this report. The present re-
action may also provide an efficient route to a series of tet-
ranucler ternary CuII complexes with IMP moieties and di-

Figure 1. (a) Structure of 1a–c and 2. Schematic structures for (b)
cation A and (c) cation B involved in 2. Gray bars represent the
phen ligands which are arranged in ∆ and Λ configurations with
respect to the pseudo-C2 axis for cations A and B, respectively.
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imine auxiliary ligands. In addition, the structure of 7 re-
vealed an interesting chiral influence transfer from the C2-
helical structure of the polymer {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n to the C2-chiral structure of the tetranuclear
CuII units involved in 7, [Cu4(µ-OH){µ-(α--Glc-1P)}2-
(bpy)4(H2O)2]3+, through inter- and intramolecular bpy–
bpy stacking interactions.

Results and Discussion

Synthesis and Structure of [Cu4(µ-ATP)2(bpy)4] (3)

When the tetranuclear copper() complex bridged by
a sugar phosphate, [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4-
(H2O)2](NO3)3 (1a), was treated with Na2[H2ATP] in a 1:2
ratio at room temperature, a phosphate ester exchange reac-
tion readily proceeded to result in the formation of an ATP-
bridged tetracopper() complex, [Cu4(µ-ATP)2(bpy)4] (3),
in good yield (56%) and crystalline form (Scheme 1).

Scheme 1.

The IR spectrum showed the presence of ATP anions
and bpy ligands, and the CD spectral pattern around the
d–d transition region for CuII ions is quite different from
that of the starting complex 1a, indicating an introduction
of ATP on the tetranuclear centers. From the mother liquor,
a very small amount of a pyrophosphate-bridged dicopper
complex, [Cu2(µ-P2O7)(bpy)2(H2O)2] (4),[14] was obtained,
suggesting that hydrolytic cleavage of the triphosphate
group occurred to a small extent during the reaction. It
should be noted that complex 3 was not obtained just by
mixing Cu(NO3)2·3H2O with Na2[H2ATP] and bpy, demon-
strating that the tetranuclear CuII centers of 1a provide a
suitable platform to stabilize the triphosphate unit of ATP.

The structure of 3 was determined by X-ray crystallo-
graphic analysis; an ORTEP plot with the atomic number-
ing scheme is given in Figure 2a and selected bond lengths
and angles are listed in Table 1. The structure consists of
four linearly dispersed {CuII(bpy)}2+ fragments bridged by
two ATP tetravalent anions with interatomic distances of
Cu1···Cu2 = 3.444(1) Å, Cu3···Cu4 = 3.4523(8) Å, and
Cu2···Cu4 = 5.0613(7) Å. The triphosphate group of ATP
exclusively connects two CuII ions, each ligated by a bpy
ligand, to afford the square-planar dicopper() unit,
{Cu2(µ-ATP)(bpy)2}. The adenine bases and -ribofurano-
syl parts are away from the metal centers without any inter-
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actions. The two dinuclear fragments are further connected
through the axial coordination of β-phosphate oxygen
atoms [Cu2–O23 = 2.263(4) Å, Cu4–O10 = 2.247(4) Å], re-
sulting in a characteristic eight-membered puckered ring of
the central part (Figure 2b). Whereas metal complexes with
ATP could provide useful insights to elucidate bioenergetic
processes, characterized examples are still rare and most are
mononuclear species[15] and their sodium salts.[16] In par-
ticular, those containing multimetallic centers are strictly
limited; the only available structures with multinuclear tran-
sition-metal ions are the dinuclear complexes [Zn2(µ-

Figure 2. (a) ORTEP plot of 3 with hydrogen atoms omitted for clarity. (b) Core structure of 3; the adenosine parts and the carbon
atoms of bpy ligands are omitted. (c) Perspective drawing of 3 with van der Waals radii.
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H2ATP)2(bpy)2] (8)[5] and [Cu2(µ-H2ATP)2(phen)2] (9),[6]

and with the present complex 3 the first crystal structure of
a tetranuclear transition-metal complex with ATP anions
is available. Both complexes 8 and 9 possess an essentially
identical structure with the triphosphate group chelating to
a metal ion through the three α-, β-, and γ-phosphate oxy-
gen atoms in a facial mode, and another γ-phosphate oxy-
gen atom attached to the other metal ion, forming an
[MOPO]2 eight-membered macrocycle. The metal centers
adopt an [N2O4] octahedral geometry. In contrast, in the
present structure, the bridging behavior of the ATP triphos-
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Table 1. Selected bond lengths [Å] and angles [°] for complex 3.

Cu1–O5 1.943(4) Cu3–O18 1.922(4)
Cu1–O11 1.951(4) Cu3–O25 1.919(4)
Cu1–N11 1.983(5) Cu3–N31 2.021(4)
Cu1–N12 1.978(4) Cu3–N32 2.006(5)
Cu2–O9 1.982(4) Cu4–O10 2.247(4)
Cu2–O12 1.934(4) Cu4–O22 1.935(4)
Cu2–O23 2.263(4) Cu4–O24 1.921(4)
Cu2–N21 1.980(4) Cu4–N41 2.011(4)
Cu2–N22 1.973(5) Cu4–N42 2.032(4)
P1–O4 1.582(4) P4–O17 1.580(4)
P1–O5 1.496(5) P4–O18 1.501(5)
P1–O6 1.592(4) P4–O19 1.600(4)
P1–O7 1.487(4) P4–O20 1.471(5)
P2–O6 1.611(5) P5–O19 1.602(5)
P2–O8 1.583(3) P5–O21 1.577(4)
P2–O9 1.488(4) P5–O22 1.503(4)
P2–O10 1.490(3) P5–O23 1.487(3)
P3–O8 1.644(3) P6–O21 1.637(4)
P3–O11 1.519(4) P6–O24 1.520(5)
P3–O12 1.512(5) P6–O25 1.534(4)
P3–O13 1.497(4) P6–O26 1.482(4)
O5–Cu1–O11 91.0(2) O18–Cu3–O25 92.8(2)
N11–Cu1–N12 82.0(2) N31–Cu3–N32 80.5(2)
O9–Cu2–O12 93.7(2) O10–Cu4–O22 92.5(2)
O9–Cu2–O23 97.5(1) O10–Cu4–O24 91.6(2)
O12–Cu2–O23 88.4(2) O22–Cu4–O24 95.2(2)
N21–Cu2–N22 81.5(2) N41–Cu4–N42 80.2(2)
O5–P1–O6 109.4(2) O18–P4–O19 110.7(2)
O6–P2–O8 103.4(2) O19–P5–O21 102.8(2)
O6–P2–O9 109.4(2) O19–P5–O22 109.1(2)
O8–P2–O9 111.2(2) O21–P5–O22 111.3(2)
O8–P3–O11 106.5(2) O21–P6–O24 106.4(2)
O8–P3–O12 106.7(2) O21–P6–O25 105.1(2)
O11–P3–O12 111.8(2) O24–P6–O25 110.7(2)
Cu1–O5–P1 132.8(2) Cu3–O18–P4 135.0(3)
P1–O6–P2 133.6(3) P4–O19–P5 131.0(3)
P2–O8–P3 128.7(2) P5–O21–P6 129.4(2)
Cu2–O9–P2 133.7(2) Cu4–O22–P5 131.8(2)
Cu4–O10–P2 124.0(2) Cu2–O23–P5 118.1(2)
Cu1–O11–P3 123.4(3) Cu4–O24–P6 131.5(2)
Cu2–O12–P3 128.8(3) Cu3–O25–P6 116.2(3)

phate group in the dimeric unit of 3 is remarkably different,
as two CuII ions are held together by the bridges from α-
and β-phosphate oxygen atoms [Cu1–O5 = 1.943(4) Å,
Cu3–O18 = 1.922(4) Å; Cu2–O9 = 1.982(4) Å, Cu4–O22 =
1.935(4) Å] and from two oxygen atoms of the γ-phosphate
unit [Cu1–O11 = 1.951(4) Å, Cu2–O12 = 1.934(4) Å; Cu3–
O25 = 1.919(4) Å, Cu4–O24 = 1.921(4) Å], resulting in an
unprecedented bridging structure of the ATP triphosphate
group (Figure 2b). While the triphosphate backbones are
folded, as indicated by the angles P1–P2–P3 = 86.11(4)° and
P4–P5–P6 = 88.23(5)°, like complexes 8 and 9, strain in-
volved in the triphosphate parts of 3 might be released to
some extent, in comparison with those in the dimers of 8
and 9 and the mononuclear complexes.[5,6,15] In complex 3,
the eight-membered chelate ring by the α- and γ-phosphate
oxygen atoms is fused with the six-membered chelate ring
by the β- and γ-oxygen atoms, which should be contrasted
with two fused six-membered chelate rings from α-/β- and
β-/γ-phosphate oxygen atoms in 8 and 9. The {Cu4(µ-
P3O10)2(bpy)4} core structure, except the adenosine moie-
ties, possesses a pseudocentrosymmetry; the outer two cop-
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per ions (Cu1, Cu3) take an [N2O2] square-planar geometry
and the inner two (Cu2, Cu4) are in an [N2O3] square-py-
ramidal environment with usual bond lengths and angles. It
should be noted that, by using the HADP2– anion, a related
tetranuclear copper() complex, [Cu4(µ-HADP)2(NO3)2-
(bpy)2(H2O)2]2+, was prepared and involves a central eight-
membered macrocycle very similar to that of 3 (ADP =
adenosine 5�-diphosphate).[17]

The adenosine residues take anti–C2�–endo conformation
without any direct interaction with metal ions, but weak
intramolecular π–π stacking between the purine ring and
two bpy ligands is observed, as in complexes 8 and 9.[5,6]

The adenine–bpy and bpy–bpy intramolecular stacking in-
teractions in 3 (Figure 2c) enhance its stability and may pre-
vent coordination of the adenosine moieties to the metal
centers. In the lattice packing, the N-7 imino and the N-6
amino groups of the adenine base are hydrogen-bonded to
the same functional pair of ATP anchoring on the neigh-
boring molecule [N2···N10* = 2.870(6) Å, N5···N7* =
2.980(6) Å; the atoms with * are generated by a symmetry
operation of x – 1, y, z + 1], these hydrogen-bonding net-
works further stabilizing the ATP moieties trapped onto the
tetracopper() aggregation.

The temperature-dependent magnetic susceptibility data
for complex 3 are shown as plots of χM and µeff versus T
over a range of 4.5–300 K (Figure 3), indicating a very weak
antiferromagnetic interaction with µeff per Cu4 of 4.24 µB

(300 K) and 3.22 µB (4.5 K). The magnetic susceptibility
data were fitted by a theoretical expression derived from
the van Vleck equation with the J1 and J2 spin-exchange
coupling constants [Equation (1)] to afford the best-fitted
values of g = 2.33, J1 = –1.2 cm–1, and J2 = –3.1 cm–1. The
results clearly demonstrate that antiferromagnetic spin-ex-
change couplings are not effective in the triphosphate-
bridged dimer and interdimers, which was consistent with
the structural features involving no effective pathway for
metal-to-metal magnetic interactions.

Figure 3. Plots of magnetic susceptibility (χM) and µeff vs. T for 3.

Synthesis and Structure of [Cu4{µ-(IMP-H)}2(L)4(H2O)4]-
(NO3)2 [L = bpy (5), phen (6)]

The tetranuclear copper complexes 1a and 2 readily re-
acted with Na2[IMP] in water to yield green block-shaped



M. Kato, A. K. Sah, T. Tanase, M. MikuriyaFULL PAPER
crystals of [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2 [L = bpy
(5) 64%; phen (6) 26%], where the abbreviation of IMP-H
represents the N-1 deprotonated inosine 5�-monophosphate
trianion (Scheme 2). The IR spectral patterns of 5 and 6
are very similar, indicating the presence of IMP and nitrate
anions as well as the diimine ligands. The circular dichroism
spectra of 5 and 6 also resemble each other, suggesting in-
corporation of the nucleotide moieties into the tetranuclear
CuII centers. The ESI mass spectra for aqueous solutions
containing 5 and 6 exhibit divalent cationic peaks corre-
sponding to {Cu4(IMP-H)2(L)4}2+ at 783.16 for 5 (L = bpy)
and 831.14 for 6 (L = phen).

Scheme 2.

A detailed structure of 6 was determined by low-tem-
perature X-ray crystallography using a CCD detector. As
the present crystallographic structure for 6·21.5H2O is al-
most identical within the experimental errors to the struc-
ture for 6·14H2O reported by Bau,[8] except for the number
of identified solvent water molecules, we wish to describe
the structural features briefly as follows. An ORTEP plot
for the complex cation of 6 with the atomic numbering
scheme is given in Figure 4 and some selected bond lengths

Figure 4. ORTEP plot of 6 with hydrogen atoms omitted for clarity.
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and angles are listed in Table 2. In the complex cation of 6,
four {Cu(phen)(H2O)}2+ fragments are held together by
two inosine monophosphate anions to result in a pseudo-
C2-symmetrical structure [Cu1···Cu2 = 3.431(1) Å,
Cu1···Cu3 = 4.232(1) Å, Cu2···Cu4 = 4.254(1) Å]. Each in-
osine monophosphate moiety is deprotonated at the N-1
position of the nucleobase and bridges four CuII ions

Table 2. Selected bond lengths [Å] and angles [°] for complex 6.

Cu1–O5 1.943(4) Cu3–O18 1.922(4)
Cu1–O1 2.175(4) Cu2–O2 2.193(4)
Cu1–O21 1.980(4) Cu2–O11 1.955(4)
Cu1–N2 2.018(4) Cu2–N6 2.018(4)
Cu1–N11 2.010(5) Cu2–N13 2.010(4)
Cu1–N12 2.015(4) Cu2–N14 2.022(5)
Cu3–O3 2.225(4) Cu4–O4 2.227(5)
Cu3–O16 1.943(4) Cu4–O26 1.946(4)
Cu3–N7 2.021(5) Cu4–N3 2.042(5)
Cu3–N15 2.024(5) Cu4–N17 2.030(5)
Cu3–N16 2.023(5) Cu4–N18 2.017(5)
P1–O15 1.623(4) P2–O25 1.612(4)
P1–O16 1.534(4) P2–O26 1.531(4)
P1–O17 1.520(4) P2–O27 1.514(4)
P1–O18 1.508(4) P2–O28 1.502(4)
O11–C13 1.263(7) O21–C23 1.272(7)
N3–C13 1.365(7) N7–C23 1.367(7)
N3–C14 1.350(8) N7–C24 1.345(8)
O1–Cu1–O21 93.5(2) O2–Cu2–O11 91.8(2)
O1–Cu1–N2 92.9(2) O2–Cu2–N6 92.1(2)
O21–Cu1–N2 96.5(2) O11–Cu2–N6 95.8(2)
N11–Cu1–N12 82.1(2) N13–Cu2–N14 82.2(2)
O3–Cu3–O16 97.7(2) O4–Cu4–O26 99.7(2)
O3–Cu3–N7 99.0(2) O4–Cu4–N3 98.4(2)
O16–Cu3–N7 90.6(2) O26–Cu4–N3 92.9(2)
N15–Cu3–N16 81.5(2) N17–Cu4–N18 81.7(2)
O15–P1–O16 101.6(2) O25–P2–O26 101.1(2)
Cu2–O11–C13 127.3(4) Cu1–O21–C23 125.6(3)
Cu3–O16–P1 131.5(3) Cu4–O26–P2 129.1(2)
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through the deprotonated N-1 nitrogen atom [Cu3–N7 =
2.021(5) Å, Cu4–N3 = 2.042(5) Å], the oxygen atom at C-6
position [Cu1–O21 = 1.980(4) Å, Cu2–O11 = 1.955(4) Å],
the N-7 nitrogen atom [Cu1–N2 = 2.018(4) Å, Cu2–N6 =
2.018(4) Å], and the monodentate phosphate oxygen atom
[Cu3–O16 = 1.943(4) Å, Cu4–O26 = 1.946(4) Å]. There is
no interaction between the -ribose units and the metal
centers. All four CuII ions take an [N3O2] square-pyramidal
coordination geometry with the water at its apical site (av.
Cu–O = 2.205 Å). The structural features are essentially
identical to those already reported.[8]

Figure 5. ORTEP diagrams for (a) the tetracopper() unit, [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4(H2O)2]3+, and (b) the polymer part,
{[Cu{µ-(UMP-H)}(bpy)(H2O)]–}n, of 7. Hydrogen atoms are omitted for clarity and hydrogen-bonding interactions are indicated by
dotted thin lines.
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Transformation of 1b to [Cu{µ-(UMP-H)}(bpy)(H2O)]2-
[Cu4(µ-OH){µ-(α-D-Glc-1P)}2(bpy)4(H2O)2]Cl (7)

When complex 1b was treated with uridine 5�-mono-
phosphate disodium salt (Na2[UMP]) in water, blue crystals
formulated as [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH)-
{µ-(α--Glc-1P)}2(bpy)4(H2O)2]Cl (7) were obtained in
moderate yield (30%) (Scheme 3), which were characterized
by elemental analysis, IR, UV/Vis, and CD spectroscopic
data, and X-ray crystallographic analysis. The X-ray crystal
structure revealed that compound 7 is composed of a dis-
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Table 3. Selected bond lengths [Å] and angles [°] for complex 7.[a]

Cu1–O1 1.911(5) Cu3–O3 2.360(7)
Cu1–O17 1.967(7) Cu3–O26 1.917(7)
Cu1–O19* 2.455(6) Cu3–N5 2.015(9)
Cu1–N1 1.988(9) Cu3–N6 1.997(9)
Cu1–N2 2.005(9) Cu3–N8** 2.033(8)
Cu2–O2 2.270(9) P2–O25 1.598(8)
Cu2–O18 1.961(7) P2–O26 1.517(8)
Cu2–O19* 1.938(6) P2–O27 1.520(7)
Cu2–N3 2.007(8) P2–O28 1.523(7)
Cu2–N4 2.003(8) O20–C2 1.27(1)
P1–O11 1.608(7) O21–C1 1.25(1)
P1–O17 1.512(8) N8–C1 1.33(1)
P1–O18 1.517(8) N8–C2 1.38(1)
P1–O19 1.534(6)
O1–Cu1–O17 90.7(3) O3–Cu3–O26 93.9(3)
O1–Cu1–O19* 99.6(3) O3–Cu3–N5 86.5(3)
O1–Cu1–N1 97.5(3) O3–Cu3–N6 109.4(3)
O1–Cu1–N2 165.9(4) O3–Cu3–N8** 97.1(3)
O17–Cu1–O19* 89.1(2) O26–Cu3–N5 171.5(3)
O17–Cu1–N1 171.4(3) O26–Cu3–N6 91.0(3)
O17–Cu1–N2 92.0(3) O26–Cu3–N8** 92.3(3)
O19*–Cu1–N1 87.0(3) N5–Cu3–N6 80.9(4)
O19*–Cu1–N2 94.3(3) N5–Cu3–N8** 96.1(3)
N1–Cu1–N2 80.6(4) N6–Cu3–N8** 153.0(3)
O2–Cu2–O18 95.7(3)
O2–Cu2–O19* 95.2(3)
O2–Cu2–N3 95.6(3)
O2–Cu2–N4 99.0(3)
O18–Cu2–O19* 91.9(3)
O18–Cu2–N3 166.9(3)
O18–Cu2–N4 90.5(3)
O19*–Cu2–N3 93.8(3)
O19*–Cu2–N4 165.3(3)
N3–Cu2–N4 81.1(3)
O11–P1–O17 108.6(4) O25–P2–O26 107.2(4)
O11–P1–O18 105.1(4) O25–P2–O27 102.5(4)
O11–P1–O19 103.8(4) O25–P2–O28 108.1(4)
O17–P1–O18 112.5(4) O26–P2–O27 114.6(4)
O17–P1–O19 112.4(4) O26–P2–O28 109.5(4)
O18–P1–O19 113.6(4) O27–P2–O28 114.2(4)
Cu1–O1–Cu1* 122.0(6)
Cu1–O19*–Cu2 104.2(2)

[a] Symmetry equivalents: *: –x + 1, y, –z; **: –x + 1/2, y + 1/2,
–z – 1.

Scheme 3.
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crete tetranuclear [Cu4(µ-OH){µ-(α--Glc-1P)}2(bpy)4-
(H2O)2]3+ cation (Figure 5a), a coordination polymer with
a [Cu{µ-(UMP-H)}(bpy)(H2O)]– monoanionic unit (Fig-
ure 5b), and a chloride anion, in a 1:2:1 ratio. Selected bond
lengths and angles are listed in Table 3.

In the polymeric structure of {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n (Figure 5b), the uridine 5�-monophosphate
moieties are deprotonated at the N-3 position of the nucleo-
base to form the [UMP-H]3– trianions, which connect mo-
nonuclear CuII ions through the N-3 deprotonated nitrogen
atom [Cu3–N8** = 2.033(8) Å] and the phosphate oxygen
atom in a monodentate fashion [Cu3–O26 = 1.917(7) Å].
The Cu3···Cu3** interatomic distance is 12.170(2) Å. The
CuII center is further ligated by two nitrogen atoms of bpy
[Cu3–N5 = 2.015(9) Å, Cu3–N6 = 1.997(9) Å] and a water
oxygen atom [Cu3–O3 = 2.360(7) Å] to complete a square-
pyramidal [N3O2] coordination geometry. The Cu atom de-
viates toward the apical O3 atom by 0.224(4) Å from the
basal mean plane, and consequently the geometrical struc-
ture is deformed, with a τ value of 0.31.[18] On the basis of
the N–C and O–C bond lengths, the negative charge gener-
ated upon N-3 deprotonation should be delocalized in the
neighboring O-4 and O-2 oxygen atoms, and notably, the
O-4 oxygen atom is hydrogen-bonded to the apical water
ligand [O3···O20** = 2.76(1) Å], and the O-2 oxygen atom
weakly interacts with the Cu ion at the sixth semi-coordina-
tion site [Cu3···O21** = 2.732(7) Å]. These structural fea-
tures may contribute to fix the uracil base orientation with
respect to the copper center. The polymeric structure is fur-
ther supported by the intrapolymer hydrogen-bonding in-
teraction between the two hydroxy groups of the -ribofur-
anosyl unit and the two oxygen atoms of the phosphate
group [O22···O27** = 2.68(1) Å, O23···O28** = 2.57(1) Å].
The overall structure of the polymer possesses a C2-helical
symmetry along the b axis, as illustrated in Figure 6.

Figure 6. Perspective drawing for a part of the packing structure of
7 viewed vertically to the b-axis, showing the stacking interactions
between the bpy ligands bound to the polymeric and the tetranu-
clear CuII units.

The tetracopper() complex cation (Figure 5a), [Cu4(µ-
OH){µ-(α--Glc-1P)}2(bpy)4(H2O)2]3+, has a crystallo-
graphically imposed C2 symmetry with the axis passing
through the O1 atom and the middle point between the Cu1
and Cu1* atoms, and is comprised of four CuII ions bridged
by a hydroxo and two α--glucose-1-phosphate dianions to-
gether with auxiliary ligations of four bpy and two water
molecules. The tetracopper framework is trapezoidal in
which the upper two Cu atoms are connected by µ-OH and
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two µ-1,3-OPO� bridges, the basal two Cu atoms by two µ-
1,3-OPO� bridges, and the upper and basal Cu pairs by µ-
1,1-O and µ-1,3-OPO� bridges of the phosphate groups
[Cu1···Cu1* = 3.342(3) Å, Cu1···Cu2 = 3.480(2) Å,
Cu2···Cu2* = 4.366(2) Å]. An intramolecular π–π stacking
interaction between the bpy ligands bound to the upper and
basal metal ions is observed, as in complex 2 with phen
ligands. The structure is essentially similar to those ob-
served in the crystal structure of 2,[13] except the C2-chiral
structures of the {Cu4(µ-OH)(µ-PO4)2(L)4(H2O)2} core de-
pending on the orientation of sugar pendants. Without any
chiral molecules other than the sugar phosphate as in 2,
two enantiomeric structures arose (Figure 1b, c) presumably
to avoid steric repulsive interaction between the sugar pen-
dants and phen moieties and to increase the π–π stacking
stabilization of phen ligands. In the present case of 7, the
observed C2 configuration is Λ with downward orientation
of the sugar pendants; the C-6 hydroxymethyl groups of the
sugar residues are away from the upper Cu2(µ-OH) unit.
Namely, only one C2-chiral structure of the tetracopper
complex cation is stabilized through interaction with the
coordination polymers containing the chiral biomolecule
UMP linkers. As shown in Figure 6, the {[Cu{µ-
(UMP-H)}(bpy)(H2O)]–}n coordination polymers adopt a
C2-helical secondary structure along the b-axis with a pitch
of 11.866(2) Å, and between the polymers, the tetracop-
per() cations are well trapped, with an intermolecular π–π
stacking interaction between the bpy ligands and their C2-
chiral configuration regulated to be Λ. The present struc-
tural system could be regarded as an interesting chiral
transfer mechanism mediated not by direct hydrophilic in-
teraction between the chiral nucleotide and sugar phos-
phate, but by amplified hydrophobic stacking interaction
between the bpy ligands.

Conclusions

The present study revealed that tetracopper() com-
plexes, [Cu4(µ-OH){µ-(α--Glc-1P)}2(L)4(H2O)2]3+ [L =
bpy (1), phen (2)], were readily transformed into different
types of nucleotide-containing coordination compounds
with tetranuclear CuII aggregations, [Cu4(µ-ATP)2(bpy)4]
(3), [Cu4{µ-(IMP-H)}2(L)4(H2O)4]2+ [L = bpy (5), phen
(6)], and {[Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-
-Glc-1P)}2(bpy)4(H2O)2]Cl}n (7). The structural analyses
for the obtained compounds provided molecular-based im-
portant information concerning the ternary systems with
CuII, nucleotide, and diimine ligand. In complex 3, the tri-
phosphate group of ATP exclusively assembles tetranuclear
CuII ions in an unprecedented fashion and the adenine nuc-
leobase is protected from metal binding by intramolecular
stacking with a bpy moiety and intermolecular hydrogen
bonding between the adenine base pairs. In addition, the
crystal structure of 7 interestingly demonstrated that the
C2-helical structure of the polymer {[Cu{µ-(UMP-H)}-
(bpy)(H2O)]–}n regulated the C2-chiral structure of the tet-
ranucler CuII complex cation, [Cu4(µ-OH){µ-(α--
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Glc-1P)}2(bpy)4(H2O)2]3+, through inter- and intramolecu-
lar bpy–bpy stacking interactions.

Experimental Section
Materials: All reagents were of the best commercial grade and used
as received. Complexes 1a·10H2O, 1b·14H2O, and 2·6H2O were
prepared according to the methods already reported.[13] The follow-
ing abbreviations are used: adenosine 5�-triphosphate disodium
salt, Na2[H2ATP]; uridine 5�-monophosphate disodium salt,
Na2[UMP]; inosine 5�-monophosphate disodium salt, Na2[IMP].

Measurements: Electronic absorption spectra were recorded with a
Shimadzu UV-3100 spectrometer and circular dichroism spectra
with a Jasco J-720 spectropolarimeter. IR spectra were measured
in KBr pellets with a Jasco FTIR 410 spectrometer. The electro-
spray mass spectra were recorded with an Applied Biosystems
model Mariner. Variable-temperature magnetic susceptibility mea-
surements were carried out with an MPMS-5S Quantum Design
SQUID magnetometer over a range of 4.5–300 K and the obtained
magnetic susceptibility data were corrected for diamagnetism using
Pascal’s constants. Considering an idealized Ci-symmetrical struc-
ture of 3, the four exchange parameters, J1–J4, were introduced to
simplify the Heisenberg spin exchange Hamiltonian to H =
–2J1(S1·S3 + S2·S4) – 2J2S1·S2 – 2J3(S1·S4 + S2·S3) – 2J4S3·S4,
where J3 and J4 were set to zero because of their long interatomic
distances.

The magnetic susceptibility data were fitted by a theoretical expres-
sion derived from the van Vleck equation with the resulting energy
matrix [Equation (1)], in which A = J1 + (1/2)J2, B = –J1 +
(1/2)J2, C = –(1/2)J2 – (J1

2 + J2
2)1/2, D = –(1/2)J2 + (J1

2 + J2
2)1/2,

and E = (4J1
2 + J2

2 – 2J1J2)1/2. The values of p (ratio of paramag-
netic impurity) and Nα (temperature-independent paramagnetism)
were estimated to be 0 and 60×10–6 emumol–1 per CuII ion, respec-
tively.

(1)

Preparation of [Cu4(µ-ATP)2(bpy)4]·15H2O (3·15H2O): Na2[H2-
ATP] (32 mg, 0.058 mmol) in CH3OH (3 mL) was added to an
aqueous solution (5 mL) of 1a·10H2O (50 mg, 0.027 mmol). The
reaction mixture was stirred at room temperature for 12 h, and was
concentrated under reduced pressure to about 1 mL. Slow concen-
tration of the solution afforded block-shaped blue crystals of
[Cu4(µ-ATP)2(bpy)4]·15H2O (3·15H2O) in 56% yield (33 mg),
which were collected and dried under vacuum. C60H90Cu4N18O41P6

(2159.50): calcd. C 33.37, H 4.20, N 11.67; found C 33.62, H 4.15,
N 11.49. IR (KBr): ν̃ = 3366 (br), 1653 (w), 1603 (m), 1448 (w),
1248 (s), 1100 (s), 985 (m), 906 (w) cm–1. UV/Vis (H2O): λmax (ε)
= 680 (1.93×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 744
(–1.27×10–1), 597 (8.15×10–2 –1 cm–1) nm.
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Preparation of [Cu4{µ-(IMP-H)}2(L)4(H2O)4](NO3)2·nH2O (5: L =
bpy, n = 15; 6: L = phen, n = 20): Complex 1a·10H2O (61 mg,
0.030 mmol) was dissolved in H2O (10 mL) and a portion of
Na2[IMP] (28 mg, 0.070 mmol) was added to the solution. The re-
action mixture was stirred at room temperature for 12 h and was
concentrated under reduced pressure to about 2 mL. Slow concen-
tration of the solution afforded green crystals of [Cu4(µ-IMP)2-
(bpy)4(H2O)4](NO3)2·15H2O (5·15H2O), which were collected and
dried under vacuum (yield 64%, 44 mg). C60H92Cu4N18O41P2

(2037.62): calcd. C 35.37, H 4.55, N 12.37; found C 35.45, H 4.04,
N 11.92. IR (KBr): ν̃ = 3389 (br), 1604 (s), 1385 (s), 1109 (br), 977
(m), 771 (s) cm–1. UV/Vis (H2O): λmax (ε) = 671
(2.43×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 693
(7.00×10–1 –1 cm–1) nm. MS (ESI): m/z (%) = 783.16 [calcd. for
{Cu4(IMP-H)2(bpy)4}2+ 783.02]. A similar procedure but using
complex 2·6H2O (59 mg, 0.032 mmol) and Na2[IMP] (30 mg,
0.075 mmol) gave green crystals of [Cu4{µ-(IMP-H)}2(phen)4-
(H2O)4](NO3)2·20H2O (6·20H2O) in 26% yield (16 mg).
C68H102Cu4N18O46P2 (2223.78): calcd. C 36.73, H 4.62, N 11.34;
found C 36.76, H 4.61, N 11.57. IR (KBr): ν̃ = 3414 (br), 1608 (s),
1384 (s), 1106 (br), 980 (m), 772 (s) cm–1. UV/Vis (H2O): λmax (ε)
= 677 (3.01×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 692
(4.63×10–1 –1 cm–1) nm. MS (ESI): m/z (%) = 831.14 [calcd. for
{Cu4(IMP-H)2(phen)4}2+ 831.02]. The same compound with a dif-
ferent number of solvent water molecules, 6·14H2O, was prepared
according to a different procedure.[8]

Preparation of [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α-D-
Glc-1P)}2(bpy)4(H2O)2]Cl·9H2O (7·9H2O): A portion of Na2-
[UMP] (28 mg, 0.076 mmol) was added to an aqueous solution
(5 mL) containing 1b·14H2O (106 mg, 0.059 mmol). After stirring
for 12 h, the solution was concentrated under reduced pressure to
about 2 mL. Slow concentration of the solution afforded blue crys-
tals of [Cu{µ-(UMP-H)}(bpy)(H2O)]2[Cu4(µ-OH){µ-(α--Glc-
1P)}2(bpy)4(H2O)2]Cl·9H2O (7·9H2O), which were collected and
dried under vacuum (yield 30% based on Cu, 32 mg).
C90H117ClCu6N16O50P4 (2763.62): calcd. C 39.11, H 4.27, N 8.11;
found C 39.10, H 4.20, N 8.40. IR (KBr): ν̃ = 3400 (br), 1637 (s),
1447 (s), 1117 (br), 986 (m), 774 (m) cm–1. UV/Vis (H2O):

Table 4. Experimental and crystallographic data for 3·20.5H2O, 6·21.5H2O, and 7·22H2O.

3·20.5H2O 6·21.5H2O 7·22H2O

Empirical formula C60H97Cu4N18O46.5P6 C68H103Cu4N18O47.5P2 C90H143ClCu6N16O63P4

Mr [gmol–1] 2254.55 2248.79 2997.81
Crystal system triclinic orthorhombic monoclinic
Space group P1 (No.1) C2221 (No. 20) C2 (No. 5)
a [Å] 10.9106(2) 19.3511(8) 33.349(1)
b [Å] 12.7652(4) 24.339(1) 11.8659(4)
c [Å] 17.4061(2) 40.127(2) 16.1861(5)
α [°] 76.852(6) 90 90
β [°] 72.075(6) 90 101.7562(4)
γ [°] 84.895(7) 90 90
V [Å3] 2245.7(1) 18899(1) 6270.7(4)
Z 1 8 2
T [°C] –120.0 –120 –120
µ(Mo-Kα) [cm–1] 11.49 10.28 11.76
Dcalcd. [g cm–3] 1.667 1.581 1.588
2θ range [°] 6 � 2θ � 55 6 � 2θ � 55 6 � 2θ � 55
No. of observations [I � 2σ(I)] 9142 9959 5794
No. of variables 1112 1118 395
R[a] 0.037 0.051 0.074
wR2

[b] 0.100 0.148 0.196
Gof 1.01 1.00 1.05

[a] R = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2]/Σw(Fo
2)2}1/2.
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λmax (ε) = 658 (2.66×102 –1 cm–1) nm. CD (H2O): λmax (∆ε) = 708
(–1.86×10–2), 601 (0.58×10–2), 465 (0.24×10–2 –1 cm–1) nm.

Crystallographic Studies: Slow concentration of aqueous solutions
afforded X-ray-quality crystals of 3·20.5H2O, 6·21.5H2O, and
7·22H2O, which were quickly coated with Paraton N oil and
mounted on a glass fiber at low temperature. Crystal data and ex-
perimental conditions are summarized in Table 4. All data were
collected at –120 °C with a Rigaku AFC8R/Mercury CCD dif-
fractometer equipped with graphite-monochromated Mo-Kα radia-
tion using a rotating-anode X-ray generator. A total of 2160 oscil-
lation images, covering the whole sphere of 2θ � 55°, were collected
with exposure rates of 120 (3, 6) and 128 (7) s/° by the ω-scan
method (–62° � ω � 118°) with ∆ω = 0.25°. The crystal-to-detec-
tor (70×70 mm) distance was set to 60 mm. The data were pro-
cessed using the Crystal Clear 1.3.5 program (Rigaku/MSC)[19] and
corrected for Lorentz polarization and absorption effects. The
structures of complexes 3, 6, and 7 were solved by direct methods
(SIR-92/97 for 3 and 7; DIRDIF94 Patty for 6),[20,21] and refined
on F2 with full-matrix least-squares techniques with SHELXL-93/
97.[22] In the refinement of 3, all non-hydrogen atoms, except the
solvent water oxygen atoms, were refined with anisotropic thermal
parameters. The solvent water O atoms were refined isotropically.
The carbon- and nitrogen-bound hydrogen atoms were placed in
ideal positions, and the hydrogen atoms of the -ribose hydroxy
groups were determined from difference Fourier syntheses (H atom
bound to O1 was not determined). All hydrogen atoms were fixed
in the refinement. In the refinement of 6, all non-hydrogen atoms,
except the nitrate anions and the solvent water oxygen atoms, were
refined with anisotropic thermal parameters. The solvent water O
atoms were refined isotropically. The two nitrate anions were disor-
dered and refined with the four-site model at special positions, each
possessing 0.5 occupancy. The carbon-bound hydrogen atoms were
placed at ideal positions, and the hydrogen atoms of the -ribose
hydroxy groups were determined from difference Fourier syntheses.
All hydrogen atoms were fixed in the refinement. In the refinement
of 7, the Cu, Cl, and P atoms were refined anisotropically and
other non-hydrogen atoms were refined with isotropic temperature
factors. The positions of C–H hydrogen atoms were calculated and
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were fixed in the refinement. The O–H hydrogen atoms were not
determined. The Cl atom is disordered at two positions with each
having 0.25 occupancy. The absolute configurations for the struc-
tures of 3, 6, and 7 were determined by using the chiral carbon
centers of the sugar moieties, α--glucose and/or -ribose units, as
internal references, which was further confirmed by consistency
with Flack parameters. All calculations were carried out with a
Pentium PC with the Crystal Structure package 3.6[23] and a Silicon
Graphics O2 station with the teXsan crystallographic software
package.[24] CCDC-239857 (for 3), -294065 (for 6), and -294066 (for
7) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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